Although the physics behind the bulk modulus, B͑T , P͒, as a function of temperature ͑T͒ and pressure ͑P͒, has been intensively investigated, an atomic scale understanding of this attribute remains a high challenge. Here, we show that the B͑T , P͒ for BaXO 3 ͑X=Ti,Zr,Nb͒ can be established by connecting the B directly to the bond length and bond energy and their response to the applied T and P in the form of binding energy density, B͓E / d 3 ͑T , P͔͒. Besides an estimation of the Debye temperature and single bond energy, outcomes clarified that the thermally softened B arises from bond expansion and bond weakening due to lattice vibration and the mechanically stiffened B results from bond compression and bond strengthening due to mechanical work hardening.
I. INTRODUCTION
Considerable attention has been paid to the study of cubic perovskites ceramics in recent years due to their intriguing properties and the promise they offer for potential applications in optoelectronics, waveguides, laser frequency doubling devices, high capacity computer memory cells, sensors, actuators, etc.
1-5 Hence, deeper insight into the mechanical properties of the perovskites under the applied temperature ͑T͒ and pressure ͑P͒ is important from both fundamental and application points of view.
Bulk modulus B, which is related to the performance of a material, such as the elasticity, extensibility, acoustic transmission velocity, Debye temperature, specific heat capacity, and thermal conductivity of the specimen, is a constant value at the ambient atmospheres. However, the B becomes tunable with the applied T and P stimuli. [6] [7] [8] [9] [10] [11] Atomistic simulations have revealed that the B for BaXO 3 ͑X=Ti,Zr,Nb͒ cubic perovskites are softened under elevated temperature and stiffened under increased pressure. 7 A number of theoretical models have been proposed from various perspectives to study the B induced by thermal stimuli. [12] [13] [14] From the perspective of classical thermodynamics, Garai and Laugier 14 derived a solution to fit the T dependence of the B at 1 bar pressure,
͑1͒
where superscript 0 denotes the quantities gained at 1 bar pressure. B T=0 0 is the bulk modulus at 0 K, ␣ V 0 is the coefficient of volume thermal expansion and ␦ 0 ͑T͒ is AndersonGrüneisen parameter. This exponential form can reproduce the experimental values at higher temperatures despite the involvement of Grüneisen parameter. Although the existing models could reproduce numerically the measurements, there are freely adjustable parameters involved needing physical indications. Especially, deeper insight into the atomistic origin of the thermally driven softening and mechanically induced stiffening and a unified theoretical analysis remains yet a great challenge. Therefore, comprehensive understanding of the effect of T and P on the B of cubic perovskites is highly desired. It is well known that the interatomic bonding is so important that it discriminates a solid from the isolated constituent atoms in physical properties. 15 For a given specimen, no matter whether it is a crystal, noncrystal, or with defects or impurities, the nature and the total numbers of atomic bonds remain unchanged under the applied stimuli, such as T or P, unless phase transition occurs. However, the length and strength of all the involved bonds will respond to the applied stimuli and reflect onto the detectable quantities. 16 Thus, we can concentrate on the response of the length and strength of all the involved bonds or an average of them to the applied stimuli in order to predict the performance of the entire specimen at difference sites. The objective of this work is to report a unified analytic solution based on the local bond average ͑LBA͒ approach 16 without needing freely adjustable parameters, which connect the B directly to the bonding identities such as the order, nature, length, and strength of a representative bond for a specimen and their response to the applied stimuli. Besides the quantitative information about the Debye temperature and single bond energy per discrete atom of the specimen, the developed approach can provide an atomistic understand- ing of the thermally driven softening and mechanically induced stiffening on the B of cubic perovskites. Theoretical reproduction of the reported T and P dependence of the B for BaXO 3 ͑X=Ti,Zr,Nb͒ cubic perovskites reveals that the thermally softened B arise from bond expansion and bond weakening due to lattice vibration and the mechanically stiffened B result from bond compression and bond strengthening due to mechanical work hardening.
II. PRINCIPLE
According to the LBA approach, 15, 16 it is possible to connect the macro properties of a specimen to its bonding parameters ͑bond nature, bond order, bond length, bond energy͒ by establishing the functional dependence of the measurable quantities to the bonding identities and the response of these bonding identities to the applied stimuli such as coordination environment, 15 T and P, 17 etc. For instance, coordination number reduction shortens and strengthens the remaining bonds of the under coordinated atoms. Increasing the T causes bond expansion and bond weakening; Increasing the P has an opposite effect of T rise on the length and strength of all the bonds due to the energy storage. This approach of LBA collects statistic information from large number of bonds, which may represent the true situation of measurements or theoretical models. 16 Differing from the volume partition approximation that focuses on the absolute value of a certain quantity in the partitioned volume, the LBA approach connects the relative change in a physical quantity with the applied stimuli to the known bulk value, which focuses merely on the performance of the local representative atomic bonds disregarding the number of atomic bonds in the given specimen.
From the perspective of the LBA approach, it has been deduced that the B is proportional to the energy density. Given the Lenard-Jones potential, u͑r͒, for example, and taking the atoms as spheres with radius ͑r͒ and the equilibrium bond length ͑d͒, the B can be derived by definition as, 16, 18 
where is the equilibrium bond energy and P =−‫ץ‬u͑r͒ / ‫ץ‬V is the pressure. Under the equilibrium, P = 0, condition, we have = 0.8989d, and thus the B is proportional to the binding energy density. This relation applies to any type of interatomic potential. Taking into account, the applied T and P stimuli into consideration, the bond length d͑T , P͒ and the bond energy E b ͑T , P͒ follow the relations, 15 ,16
where ␣͑t͒ and ␤͑p͒ are, respectively, the efficiency of thermal expansion coefficient and compressibility. The integral of compressibility at constant temperature can be written as:
Evidence show that ␤͑p͒ remains constant at constant temperature within the elastic deformation regime and then the integration ͐ 0 P ␤͑p͒dp Ϸ ␤P could be simplified, unless phase transition occurs. 19, 20 According to Debye approximation, the T induced bond energy depression, ⌬E T , is the integration of ͑t͒ from 0 K to T, which follows the relationship,
where x = D / T. R, D , C v , and z are the ideal gas constant, Debye temperature, specific heat, and the nearest neighbors of a given atom, respectively. ͑t͒ is the specific heat per bond, which follows approximately the specific heat of Debye approximation and closes to a constant value of 3R ͑R is the ideal gas constant͒ at high temperature. Physically, the distortion energy gain, ⌬E P , should be equal to its mechanical work due to unit cell compression under the applied P, which corresponds to the area of V 0 ⌬S in the V-P profile, which can be written as, 16 
⌬E
where P and V 0 denote the applied pressure and the volume of unit cell at zero temperature and zero pressure, respectively. The relationship between V and P can be obtained by the third order Birch-Mürnaghan isothermal equation of state, 21, 22 
where B 0 is the static bulk modulus and B 0 Ј is the first-order pressure derivative of the B 0 , and the = V / V 0 is the ratio of volume of unit cell addressed after and before being compressed. Combining Eqs. ͑2͒ and ͑3͒, we can obtain the analytical form for the T and P dependence of the B to the standard bulk value
͑4͒

III. RESULTS AND DISCUSSION
The well-reported T and P dependence of B for BaXO 3 ͑X=Ti,Zr,Nb͒ cubic perovskites allows us to verify the presently developed analytical solutions. In the numerical calculations, we adopt the known bulk modulus B 0 , 7 slope B 0 Ј, 7 the volume of unit cell V 0 , 23-25 the compressibility coefficient ␤ ͑Refs. 26 and 27͒ as input. From bonding energy and the LBA points of view, the ␣͑T͒ can be calculated as follows, 28 
␣͑T͒
Where u͑r͒ is the pairing potential and F represents the restoring force at a nonequilibrium point when r Ϸ r 0 . By considering the fact that the product of bond length l 0 at 0 K and the force F͑r͒ is in the dimension of atomic bonding energy, we let −l 0 F͑r͒ = A 1 ͑r͒E B ͑0͒, where E B ͑0͒ is the intrinsic atomic bonding energy at 0 K, and A 1 ͑r͒ is a r-dependent coefficient. The T dependent ␣͑T͒ can then be rewritten as,
Hence, A͑r͒ = ͓−l 0 F͑r͔͒ −1 = ͓A 1 ͑r͒E B ͑0͔͒ −1 is related to the restoring force at nonequilibrium position r, F͑r͒. The bond length l of a specimen has the following relation with respect to the T under consideration:
The only parameter A, in unit of ͑eV/ atom͒ −1 , is slightly less dependent on bond length variation. It is related to the bond energy at equilibrium and determines the magnitude of the l͑T͒ at high temperature; the Debye temperature, D , determines the turning point of the l͑T͒ curve.
On the other hand, for T Ͼ D , the specific heat approaches a constant value and the thermally induced bond energy has an approximately linear dependence on T. Hence, the relative B at 0 Pa under the high temperature approximation can be expressed as,
B͑T,0͒ B͑0,0͒
The slope D 1 of the reported data can be easily determined by linearly fitting to the B versus T curve at high temperature range. By the relation of D 1 Ϸ D = / E b ͑0͒ with =3R / z͑T Ͼ D ͒, the atomic cohesive energy E b ͑0͒ can be estimated. In order to reproduce the T dependence of B, B at high temperature is used to estimate the value of A in Eq. ͑5͒. By carefully reproducing the reported data, A and D can be obtained and are tabulated in Table I for BaXO 3 ͑X =Ti,Zr,Nb͒ cubic perovskites. With the obtained A, D and E b ͑0͒, we can also fit the B of BaXO 3 ͑X=Ti,Zr,Nb͒ cubic perovskites in the entire temperature range by including the contribution of the nonlinear lattice thermal expansion. Figure 1 shows the theoretical match of the reported T dependence of l using Eq. ͑6͒ for BaXO 3 ͑X=Ti,Zr,Nb͒ cubic perovskites. 7 The agreement between the LBA approach and the reported data for T dependence of l of cubic perovskites justifies the validity of the LBA approach and the assumption of the slight r dependent on A͑r͒. Figure 2͑a͒ presents the agreement between theoretical predictions and the reported T dependence of B using Eq. ͑4͒ for BaXO 3 ͑X=Ti,Zr,Nb͒ cubic perovskites with derived data given in Table I . 7 At T Յ D / 3, the relative B turns from nonlinear to linear when the T is increased. The slow decrease in the B at very low temperatures arises from the small ͐ 0
T ͑t͒dt values as the specific heat ͑t͒ is proportional to T 3 at very low temperatures. The results imply that the Debye temperature D determines the width of the shoulder and the 1 / E b ͑0͒ determines the slopes at high temperature in the B͑T͒ curve of cubic perovskites. The predicted D of BaTiO 3 is lower than that of BaZrO 3 and BaNbO 3 which are in good agreement with the observed result 7 while the E b ͑0͒ of BaTiO 3 is higher than that of BaZrO 3 and BaNbO 3 . Figure 2͑b͒ shows the consistency between predictions and the reported P dependence of B using Eq. ͑4͒ for BaXO 3 ͑X=Ti,Zr,Nb͒ cubic perovskites at 300 K. 7 Generally, the energy increases nonlinearly with pressure according to the Birch-Mürnaghan equation. This relation can be ascribed to the fact that the V / V 0 of the unit cell becomes smaller as the specimen is compressed.
It is seen from Fig. 2 that the B of BaXO 3 ͑X =Ti,Zr,Nb͒ cubic perovskites are softened when the T is increased while it is stiffened when P is increased. These results are very interesting since the trend of the T and P dependence of B is similar to that of the T and P dependent Raman shift 17 and band gap shift 29 in ZnO, indicating the interdependence of Raman shift, band gap, and elastic modulus.
IV. CONCLUSION
We present an analytical expression connecting the macroscopic B directly to the bonding identities of the specimen and their response to the applied stimuli for deeper insight into the atomistic origin of the thermally softened and mechanically stiffened B in BaXO 3 ͑X=Ti,Zr,Nb͒ cubic perovskites. Exceedingly good agreement to the reported T and P dependent B of cubic perovskites with the current approach has been realized. Exercises lead to estimated information about the Debye temperature and single bond energy per discrete atom. It has been clarified that the thermally softened B arises from bond expansion and bond weakening due to vibration and that the mechanically stiffened B results from bond compression and bond strengthening due to mechanical work hardening. The presented approach from the perspective of LBA would provide a useful yet simple way to investigate the mechanical properties under the applied stimuli change of atomic coordination and thermal and mechanical activation in other materials as well. 
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